The anisotropy of magnetic susceptibility (AMS) at room temperature has been used for decades to obtain the petrofabric orientation in granites as a kinematic marker to establish models explaining the emplacement of plutons. To assess the significance of AMS in terms of mineral orientation, we have performed a multidisciplinary study at five sites of an ilmenite-type pluton (Marimanha, central Pyrenees) with significant facies changes. To test the reliability of AMS measurements at room temperature, the following methods were applied: low temperature AMS; image analyses and X-ray texture goniometry (XTG) of biotites; and electron backscatter diffraction (EBSD) to obtain c-axes directions of quartz. The total (para-, ferro-and dia-)magnetic fabric analysed by AMS is compared with the paramagnetic fabric (low-T AMS), mica orientation (with image analyses and XTG) and the diamagnetic fabric (EBSD). Results indicate that weakly oriented paramagnetic minerals can give well-defined magnetic fabrics (AMS at room and low temperatures). Furthermore, the AMS ellipsoid is the result of composite biotite fabrics resulting from both orientation and spatial distribution of crystals, as demonstrated by 2-D mathematical models presented in this study. AMS is the most effective technique for quickly measuring composite fabrics. In addition, the advantage of using AMS analyses is twofold: (1) it is a fast way of analysing standard samples that can give clues for subsequent image/mineral orientation analysis and (2) it is a volume-related method that gives a picture of the rock fabric as a whole.
I N T RO D U C T I O N
Generally, magmatic fabrics in granitoids are interpreted to form during a relatively short and well-constrained period of time after the ascent of the magma and before its final crystallization upon cooling (Cruden 1990; John & Blundy 1993) . In granitic magmas, ironbearing minerals crystallize relatively early in the cooling history of the magmatic body. Their statistical orientation within the silica rich liquid where they rotate while the magma cools, reflects the origin of the petrofabric during the final stages of crystallization (Bouchez 1997 (Bouchez , 2000 . It is accepted that the foliation and lineation of the magnetic fabric correspond to the shortening plane and stretching lineation, respectively, of the finite strain preserved during a given period of the magma cooling (Bouchez 2000) . If the carrier of the magnetic susceptibility has magnetocrystalline anisotropy (as in the case of biotite, Borradaile & Jackson 2004 and references therein) , then the anisotropy of magnetic susceptibility (AMS) is related to the shape anisotropy of single crystals. Therefore, the magnetic fabric will be coaxial with the shape preferred orientation (SPO) of the minerals in the rock and will correspond to the finite strain of the magma during a given period of its cooling history.
In the last three decades, a number of studies on the AMS in rocks with different deformation intensity have shown that the orientations of the magnetic and strain ellipsoids are often correlated (Kneen 1976; Wood et al. 1976; Kligfield et al. 1977 Kligfield et al. , 1981 Rathore 1979; Rathore & Henry 1982; Hrouda 1987; Siegesmund et al. 1995; Lüneburg et al. 1999) . The relationship between their magnitudes, however, is much more difficult to establish (Kligfield et al. 1981; Borradaile 1987 Borradaile , 1988 Borradaile , 1991 Hirt et al. 1988; Lüneburg et al. 1999) . Techniques to separate the magnetic fabrics such as low temperature AMS (LT-AMS; that isolates the paramagnetic fabric) or low field compared to high field susceptibility measurements that help to discriminate between paramagnetic and ferromagnetic (s.l.) contributions (Borradaile & Jackson 2004) , together with classical petrological studies allow to determine the carrier of the magnetic fabric, which is mostly related to paramagnetic minerals such as phyllosilicates. These studies show a very good correspondence between the strain and the AMS ellipsoids in strongly deformed rocks: from sedimentary rocks with well-developed tectonic foliation and synthetic aggregates (Housen & van der Pluijm 1990; Hirt et al. 2004; Parés & van der Pluijm 2004; Schmidt et al. 2008 Schmidt et al. , 2009 Almqvist et al. 2011) up to gneisses, shear bands and migmatites (Siegesmund et al. 1995; Zhou et al. 2002; Tomezzoli et al. 2003; Gage et al. 2004; Kruckenberg et al. 2010) .
However, in less deformed rocks, phyllosilicate fabric is weak and the relationship between the strain (or, in a more general way, SPO) and AMS ellipsoids is complex. To test the correspondence between the shape anisotropy of the carriers of AMS and the actual AMS in rocks with different biotite content, we carry out a multidisciplinary study on samples from the paramagnetic Marimanha granitoid (ilmenite type) in the Pyrenees with minerals of weak SPO and crystallographic preferred orientation (CPO). This magmatic body was chosen for three main reasons: (1) the different facies observed in a relatively small geographic area, (2) the weak nature of the deformation, previously documented by Antolín et al. (2009) by means of AMS and structural analyses and (3) its relatively small grain size that allows for a reliable orientation datasets to be obtained from standard-size thin sections. Results from the work by Antolín et al. (2009) obtained from the study of 494 standard cylindrical specimens (2.5 cm in diameter and 2.1 cm long) distributed in 62 sites throughout the pluton, characterize the magnetic susceptibility as low (from 28 to 467 × 10-6 SI with an average of 203 × 10-6 SI). Additional acquisition of isothermal remanent magnetization (IRM) and thermal demagnetization of three axes IRM (method of Lowrie et al. 1990) indicate the presence of low coercivity ferromagnetic phases such as iron sulphides (or Ti-rich magnetite) or little quantity of magnetite (samples 20 of Antolín et al.'s (not in this paper) and 21 equivalent to CA11). However, high-field experiments performed in an AC/DC SQUID cryogenic magnetometer to check the percentage of ferromagnetic minerals point to solely paramagnetic and diamagnetic behavior in the 11 analysed samples (fig. 5 in Antolín et al. 2009 ). Those selected 11 samples cover the five groups in which sites are subdivided, depending on their bulk magnetic susceptibility and petrographic description (Antolín et al. 2009 ). The same five groups are represented in this paper. The magnetic fabric in the Marimanha pluton is carried by biotite, which has a typical magnetocrystalline anisotropy. The magnetic fabric in the pluton is dominantly a planar fabric, with a more flattened oblate ellipsoid toward the center of the pluton. Magnetic foliations show a concentric pattern, and magnetic lineations have preferred orientations between NNW-SSE and NE-SW with shallow plunges (Antolín et al. 2009 ). The orientation of the magnetic fabric, the structural data, the geometry of the granitoid and petrographic contacts together with the relationship between the countours of zonation of the bulk magnetic susceptibility with the host-rock structure suggest the intrusion contemporary with a transpressive regime in the late stages of the Variscan orogeny (Antolín et al. 2009) .
In this paper, we applied different techniques to obtain the SPO and CPO [with image analyses and X-ray texture goniometry (XTG), respectively] of biotite and compared the results with the anisotropy of the magnetic ellipsoid at room (total) and at low (paramagnetic) temperatures in five selected sites of the Marimanha pluton. In addition, we performed electron backscatter diffraction analysis (EBSD) on a scanning electron microscope (SEM) to investigate quartz CPO and hence the diamagnetic fabric. Quartz crystallizes later than the iron bearing minerals during the cooling period of the granitic body. Finally, 2-D theoretical models that consider the resultant fabric as the sum of all grains are developed. All these analyses are aimed to test the reliability of AMS measurements as a tool to obtain the petrofabric.
G E O L O G I C A L S E T T I N G
The Marimanha granitoid is located in the axial zone of the central Pyrenees. The Marimanha pluton provides a good example of a concentric body with several well-characterized rock types in a relatively small area (45 km 2 ), including gabbro, diorite, granodiorite and leucogranite facies (Fig. 1) . The internal structure of the granitoid is defined by means of AMS in Antolín et al. (2009) . Many structural and geophysical studies of the Variscan granitoids in the Pyrenees agree that the tectonic regime during magma emplacement was a dextral transpression (Leblanc et al. 1996; Evans et al. 1998; Gleizes et al. 1998a Gleizes et al. ,b, 2001 Gleizes et al. , 2006 Olivier et al. 1999; Román-Berdiel et al. 2004 Auréjac et al. 2004; Antolín et al. 2009 ) and it was produced in relation with the second Variscan phase in the Pyrenees (so-called D2, Zwart 1986 ). The emplacement and cooling of the Marimanha granitoid occurred at 10-km depth (Palau 1998). Its internal structure shows a magmatic foliation but without the shear bands that are common in other magmatic intrusions in the Pyrenees (Carreras & Cires 1986; Antolín et al. 2009 ). The emplacement model inferred from petrological and geochemical data together with AMS data, suggest that the pluton emplacement occurred during a transpressional regime and NNE-SSW shortening. The magma ascended through fractures at depth and in situ ballooning took place when magma reached the Silurian-Devonian, shale-limestone stratigraphic contact. The cleavage observed in limestones and slates predates the intrusion of the Marimanha granitoid, and results from previous N-S shortening. This cleavage was in turn deformed during magma intrusion, especially in the northern and southern boundaries of the pluton (Antolín et al. 2009 ).
M E T H O D S

AMS at room and low temperature
AMS at room temperature (RT-AMS) and LT-AMS measurements were carried out at the Magnetic Fabrics Laboratory of the University of Zaragoza with a KLY3-S low-field susceptibility bridge (AGICO Inc., Brno, Czech Republic). Detailed description of the AMS measurement procedure and some results from the Marimanha pluton can be found in Antolín et al. (2009) . Magnetic susceptibility (κ) is an intrinsic property of materials, and measures how magnetizable a substance is in the presence of a magnetic field (H), κ = M/H. The measurement of the susceptibility can vary depending on the direction of the measurement within the sample reference frame, that is, it is an anisotropic property that is expressed mathematically by a symmetric second rank tensor (represented by a three axes ellipsoid). Anisotropy of individual grains depends on the crystalline anisotropy (e.g. as in biotites) and the shape anisotropy (e.g. as in multidomain magnetite). The RT-AMS in rocks depends mostly on CPO, shape of grains, mineral composition and sometimes on distribution-interaction of magnetic minerals (Tarling & Hrouda 1993) . Analyses of AMS in standard specimens give the orientation and magnitude of the three axes of the ellipsoid (k 3 ≤ k 2 ≤ k 1 ) that represent geometrically the second rank tensor. The relationships between the ellipsoid axes represent the magnetic lineation (L = k 1 /k 2 ), foliation (F = k 2 /k 3 ), the corrected anisotropy degree that provide information about the preferred orientation of minerals (P ) and the shape parameter (T) that varies from oblate (0 < T< 1) to prolate (−1 < T < 0) shape inform about the magnetic ellipsoid. Jelinek (1977 Jelinek ( , 1981 defined those magnetic parameters.
Measurements of LT-AMS will produce an enhancement of the magnetic susceptibility because of the Curie-Weiss law (κ p = C/(T − T c ), where κ p is the paramagnetic susceptibility, C is the Curie constant, T is the absolute temperature and T c is the Curie temperature for the paramagnetic mineral, which ideally is 0. Generally, the bulk susceptibility measured at 77 K increases between three and five times with respect to the susceptibility measured at room temperature. In addition, a change in the length of the axes of the magnetic ellipsoid (k 1 increases at larger rate than k 3 ) has been observed (see Parés & van der Pluijm 2002 for more details). For a perfect paramagnetic signal, the bulk susceptibility at low temperature (77 K) is ∼3.8 times the bulk susceptibility at room temperature, which is the ratio between room temperature (300 K) and the liquid nitrogen temperature (77 K; Lüneburg et al. 1999) . Lower rise of the bulk susceptibility at low temperature can be because of the presence of ferromagnetic/diamagnetic minerals or because of the time lag between the extraction of the sample from the liquid nitrogen and the actual measurement. In this study, cooled samples (down to 77 K) are analysed to obtain the LT-AMS and to compare with the AMS at room temperature. The samples were submerged in liquid nitrogen for 45 min before the first position in KLY3-S was measured in spinning mode. Between the 2nd and 3rd position measurements, the specimens were submerged again for 10 min. A time lag of 20-30 s occurs between the sample is taken from the liquid nitrogen and the actual measurement. Averaged orientations of the axes of the ellipsoids at room and at low temperatures were calculated with the Stereonet 6.1.3.3 software (R.W. Allmendinger, Ithaca, NY, USA).
Image analyses
Three perpendicularly oriented thin sections were cut from hand specimens for the five selected sites. Geographical orientations of thin sections are marked with arrows (see results section, Figs 6-8) and are represented as reference lines in every cut section (represented in situ in stereographs of Fig. 12 ). The orientation was chosen according to the hand specimen and does not have any a priori relationship with the axes of the magnetic ellipsoid.
For image analyses, we followed three approaches all of them using as a starting point the scanned thin sections and later the enhanced contrasts of dark minerals. The same thin sections are used in all three methods: (1) measurements of the orientation distribution of the intersection angle of the basal plane of biotites with the cutting plane of the thin section (that indirectly informs about CPO of biotites because it analyses the basal plane of the biotites), (2) determination of the SPO of individual grains (biotite and other dark minerals) by considering their adjustment to an elliptical shape with the ImageJ free software (http://rsbweb.nih.gov/ij/index.html) and (3) counting of the number of intercepted segments of a set of objects (dark minerals) on the treated image by a set of parallel scan lines along a number of different directions (intercept method; Launeau & Robin 1996) . Equivalent ellipses and rose diagrams calculated from the Fourier series represent the number of intercepts in each direction and measure the SPO of the minerals in two dimensions.
With method (1), the only mineral whose orientation is measured is biotite and only intersections between (001)-planes of biotite and the cut plane were taken into account. The advantage of this approach is that it can be highly sensitive to weakly oriented mineral fabrics, provided that the intersection defines the (001)-planes or basal planes of the biotite crystals. Statistically, histograms of orientation of these intersections in three perpendicular sections are indicative either of planar or linear fabrics (Fig. 2) . The minimum number of biotite grains calculated to provide a qualitatively good result is calculated in three grains for the represented 18 groupings 
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in the X -axis of Fig. 2 (180 • divided by 10 • ), this makes the minimum number of biotite grains for orientation measurement in 54. Conversely, methods number 2 and 3 may encompass more minerals than just biotite, because image manipulation before running the software enhanced the contrast of all dark minerals, including biotite, amphiboles (in the mafic facies) and other less common or altered minerals. In this case, only the shape of grains is taken into account, independently of the actual orientation of crystallographic axes. The roundness of grains can also be an indicator of the type of section and the fabric of the rock.
In addition to these three automated methods, anisotropy in thin sections can be estimated by eye from the highly contrasted images, except for the cases with very low anisotropy. The trends along three sections will be represented on the stereoplots together with the results obtained from the other methods for comparison.
X-ray texture goniometry
The c-axes pole figure measurements of biotite were carried out by means of an X-ray texture goniometer especially designed for rock texture analyses, based on a PANalytical X'pert PRO MRD Xray diffractometer PW3040 (Leiss 2005; Leiss & Ullemeyer 2006) at the University of Göttingen. A glass fibre polycapillary allows a large X-ray beam size of at least 7 mm in diameter, high Xray intensities and a parallel X-ray optic. This configuration and automated sample measuring in combination with a movable X, Y-sample holder allows to measure relative large sample volumes within a reasonable time (25 min per 5
• × 5 • pole figure grid). On each of the sample slabs with a size of about 50 mm × 50 mm × 10 mm, up to 12 pole figures were measured and added for a better reliability. Because of the low 2θ angle of the (001)-basal plane reflection of biotite (8.8
• ), an area of nearly 100 mm 2 is irradiated by the beam for each pole figure measurement. Pole figure measurements at a reflection free 2θ angle of 10.5
• were subtracted from the biotite (001)-measurements for background correction. Because of the weak and disperse texture and because of the relative low volume portion of biotite, this correction was especially important for the reliability of the measurements. For the pole figure measurements, a 5
• × 5 • (tilt/rotation angle) grid was applied. Because of the defocusing effect of the incident X-ray beam during sample tilting, only incomplete pole figures can be measured (e.g. Kocks et al. 2000) . A reliable defocusing correction could not be applied because errors of the available correction functions were higher than the error resulting from the weak defocusing at these low 2θ angles.
One sample was measured, so that c-axes oriented parallel to subparallel (to a dip angle of 80
• ) to the measured sample surfaces are not recorded.
Electron backscatter diffraction analysis
The CPO of quartz was measured using the EBSD technique in the X500 CrystalProbe SEM (CamScan, UK) at the Earth and Ocean Sciences Department of the University of Liverpool. Thin sections were polished at the University of Zaragoza using a final diamond polishing medium of 1 µm. Chemical polishing to high quality was carried out at the University of Liverpool. EBSD maps of the whole thin section were obtained using a stage movement with a 150 µm × 150 µm grid spacing, at 25-mm working distance, 20-kV acceleration voltage and 40-nA beam current (Wright 1993; Prior et al. 1999 Prior et al. , 2009 Mariani et al. 2008) .
Careful set-up and calibration of EBSD parameters were performed before any automated EBSD work was carried out. Results are shown in stereographic projections of quartz c-and a-axes.
2-D modelling
For this model, it is considered that the resultant fabric is produced by the sum of the effect of the shape anisotropy, orientation of individual grains (ellipses) and their spatial distribution. The model is developed to better understand these causes. The resultant fabric for a section is a 2-D tensor which represents the sum of all grains considered as ellipses.
Ellipses are defined with their characteristic matrix A = VDV', where V is the matrix of the axes and D its magnitude. The sum of the effect of individual grains is directly A = A 1 + A 2 . To quantify the effect of their spatial distribution, ellipses are summed in pairs taking into account the distance between their centers, only the maximum axis (D max ) is considered, which is rotated [with the rotation matrix R (α) ] into alignment with the vector that connects the centers of the two ellipses:
Detailed algorithms are described in the Appendix.
R E S U LT S A N D I N T E R P R E TAT I O N
RT-AMS and LT-RMS
Previous rock magnetic and optical microscopy analyses indicate the presence of biotite as the main magnetic carrier in the Marimanha pluton (Antolín et al. 2009, and references therein) .
Bulk susceptibility at low temperatures increases by a factor of 2.1-2.6 with respect to the bulk susceptibility at room temperature for all considered rock types. In addition, the axes of the ellipsoids at room and at low temperature overlap, indicating that the paramagnetic fabric dominates the total RT-AMS (Fig. 3) . The sample CA5 with higher mafic composition, shows an increase in the bulk susceptibility at low temperature of 2.1 times its susceptibility at room temperature. The ratio of bulk susceptibilities at low and room temperature is similar to sample TE11 but the magnetic axes in CA5 show a scattered distribution, especially k 1 -and k 2 -axes, although k 3 -axes show a relatively good cluster both at room and low temperature. This is probably because of the influence of minerals other than biotite on the AMS because of the higher mafic composition.
The corrected anisotropy degree (P ) and the shape parameter (T) evolve in the same way at room and at low temperature ( Fig. 4a and Table 1 ). However, T does not change much between room and low temperature measurements (as seen in the slope α of Fig. 4b , which is near to 45
• ), although P increases at low temperature (Fig. 4b ). An increase in 'oblateness' (T parameter) at low temperature is expected as seen in Parés & ven der Pluijm (2002) , because k 1 increases proportionally more than k 3 at low temperature. There is an inverse relationship between the magnetic foliation parameter F (F = k 2 /k 3 ) and K m at room and at low temperature (F is higher in the samples with lower K m ). The rate of change of F values increases at lower temperatures (Fig. 5) . On the contrary, the magnetic lineation parameter L (L = k 1 /k 2 ) is more or less constant independently of K m values, and also the range of L values at room and low temperatures are similar. These observations indicate that k 3 diminishes at higher rate at low temperature with respect to k 2 . However, the magnitude of k 1 -and k 2 -axes increase at low temperature following a similar rate, because they keep the same L values with respect to the values at room temperature (Fig. 5) . It is noted that, the more mafic the 192 B. Oliva-Urcia et al. sample composition, the lower are the differences between k 2 and k 3 values.
Image analyses
The three methods applied are described:
Method 1 (Fig. 6 ) entails the measurement of orientation distributions of the intersections between the basal plane of biotites and the plane of the thin section (as seen in the theoretical examples of Fig. 2 ). All five sites except CA5 show oblate magnetic fabrics with well-grouped axes (triaxial ellipsoids). In such cases of planar fabric, a maximum of orientation distribution is expected in all three mutually perpendicular cut planes (randomly oriented in respect of the magnetic ellipsoid), except when the observation plane is parallel to a principal plane of the magnetic ellipsoid, containing two of its axes. In this case, the cutting section parallel to the ellipse will not show a maximum in the orientation distribution (Fig. 2) .
Orientation data, analysed from the three mutually perpendicular thin sections and represented in the histograms of Fig. 6 , were smoothed using a sixth-order polynomial distribution to obtain significant maxima. The range of counts for maxima in thin sections (a) and (c) is constrained from a minimum of seven counts in the polynomial function in CA11c to a maximum of 22 counts in IN1c and TE11a. In (b) sections, only IN1 shows a well-defined maximum, the other sections (b) have the noise of the base level high and the number of grains per section is low. CA5b, TE11c and CA11b are bimodal (Fig. 6) . In any of the samples a well-defined maximum for each of the sections can be found, but because in at least one section bimodal distribution (sometimes weak, as in BE7b) is found, perfectly planar fabrics are absent in the studied samples. There is no distinctive orientation of large versus small crystals. In general, in well-oriented sections large and small crystals show similar orientations, although stronger scattering for small crystals is seen.
Method 2 (Fig. 7) . According to their shape and orientation biotite crystals can be represented by ellipses, the shape and orientation distribution of which can be automatically determined by means of the imageJ software. The number of analysed minerals is higher than in the case of method 1 because of the image enhancement (Fig. 7 , left-hand side of images) before run the software that assimilates the biotite crystals to ellipses. Then, more background noise is apparent when considering the orientation data. Well-defined maxima are visible in many of the sections and bimodal distributions are also present. The higher number of data contributes to better define maxima, although their relative weight can be shifted with respect to the basal plane analysis (compare for example, thin section CA11c in Figs 6 and 7) . Visual inspection of ellipses can also help to define preferred alignments of minerals within each section.
Method 3 (Fig. 8) . The results obtained from the intercept method (Launeau & Robin 1996) are represented by the equivalent ellipse and the rose of directions calculated from the Fourier series. There is a higher abundance of dark minerals as the facies become more mafic and as a result, the equivalent ellipse is closer to a circle, showing lower values on eccentricity. Anisotropy ratio ranges from 1.02 to 1.13. Despite the strong anisotropy of some sections (particularly in CA11), the eccentricity of the intercept ellipse is rather low, as a result of the bimodal distribution of orientations. This bimodal distribution also causes the bias of the long axis of the ellipse in relation to the main orientation determined from the other two methods (see also IN1 diagrams).
XTG: CPO of biotite
The biotite-(001)-pole figures of the single spot measurements show for all samples very weak preferred orientations. The single measurements are quite different and prove the heterogeneity of the texture within the single samples. Heterogeneity is especially true for sample CA11, from which an extremely weak maximum in the added pole figures follows. For all other samples, a general tendency for a preferred orientation can be observed in the added pole figures (Fig. 9) . However, a quantitative approximation of the preferred orientation of the biotite basal planes is not reliable because the heterogeneously distributed volume portion of biotite is too low, the texture too weak and the texture heterogeneity too large. As a consequence, calculations of the biotite-CPO-controlled portion on the AMS of the samples (compare e.g. with Schmidt et al. 2009) were not further followed up.
EBSD: CPO of quartz
In all the analysed facies, the quartz fabric is very weak (Fig. 10) . Maxima of CPO of c-axes are defined but very weakly (see the low value for the averaged data, half width is 15 • ). In addition, aaxes represented in the second (upper hemisphere) and third (lower hemisphere) plot should show a mirror image. This is not the case, which indicates a very weak fabric. The AMS averaged axes are plotted in the c-axis stereoplot (empty symbols) with the coordinate system of the thin section for comparison with the maxima of CPO, which are shown in red (Fig. 10) . There is no superposition of the AMS axes and the quartz CPO, so on one hand there is no influence in the diamagnetic fabric of any prior fabric, and on the other, quartz crystallized under very low (if any) orientation constraints.
2-D modelling
The theoretical examples represented in Fig. 11 illustrate the results from the geometrical model we used to explain possible different causes of the fabric. The models are designed to illustrate the observed petrofabric. An isotropic sample (isometric particles evenly distributed) does not have any resultant preferred orientation in the resulting fabric (Fig. 11a) . A sample with only shape and orientation anisotropy of individual equally distributed grains produces a fabric with a weak anisotropy (Fig 11b) . In the same way, if the anisotropy is caused only by the organized (i.e. layers) distribution of isotropic grains the resultant fabric is weak, as shown in Fig. 11(c) .
In cases where the anisotropy of individual grains is analysed together with their position distribution anisotropy the resultant fabric is a combination of both effects. If the orientation of all ellipses is the same as the lineation described by their position distribution, the anisotropic fabric is reinforced, and the resultant ellipse has the same orientation as individual ellipses with a greater difference between maximum and minimum axes (Fig. 11d) . On the other hand, if the orientation of individual ellipses is at 90
• to the lineation of grains distribution, resultant ellipse orientation is in line with those of individual grains, but with less shape anisotropy, that is, the ratio between the principal axes decreases (Fig. 11e) . For an oblique orientation of both anisotropies, the resultant ellipse has an intermediate orientation with shape similar to individual ellipses (Fig. 11f) . For randomly oriented ellipses with a shape anisotropy, the resultant tensor tends to have the position of the distribution anisotropy (Fig. 11g) . The last example (Fig. 11h) has an important shape anisotropy, compared to the orientation and position anisotropies that strongly condition the resultant ellipse and leads to an apparent distortion of the expected resultant ellipse. The last model explains the unequivocal relationships between magnetic and mineral fabrics in strongly deformed rocks (Parès & van der Pluijm 2004) .
Next to the 2-D models, the corresponding results from the intercept method (image analyses) are shown. Image analysis only considers the individual anisotropy of grains, thus results are only comparable in cases with isotropic spatial distribution.
D I S C U S S I O N
The possibility of analysing the different subfabrics (paramagnetic, diamagnetic and total) within the studied samples allows for a comparison between them to be established. In this section, we propose an interpretation for the divergences found between the different applied techniques and a routine for studying orientation in weakly deformed granitoids and verifying the results obtained from AMS.
According to the results obtained from AMS analysis and hysteresis loops, paramagnetic minerals, especially biotite, is interpreted to be the main carrier of the magnetic fabric (Antolín et al. 2009 ). In most of the samples (except for the gabbroic facies), biotite (and its alteration products) is the main paramagnetic phase. Therefore, orientation analysis should give similar results to those obtained by means of AMS. This would be true providing that shape anisotropy of grains, crystal orientations and magmatic foliation actually coincide (Fig. 12) . This coincidence is clear in the case of samples with well-oriented grains (CA11, BE7) despite the small proportion of biotite versus quartz and feldspar and the bias induced by bimodal distribution of grain orientation. However, samples with weaker orientation of grains are more difficult to interpret, both considering the shape of mineral grains (intercept method, Launeau & Robin 1996) or the actual crystallographic orientation of biotite crystals (relatively easy to determine from intersections between 001 planes and the thin section plane and by means of the XTG method). In general terms, the magnetic foliation coincides with the foliation that can be interpreted from the girdle defined by the maximum of biotite planes and the long axis of equivalent ellipses obtained by means of the intercept method (Fig. 8) . The mineral lineation, however, cannot be clearly defined from observations in thin sections. Two main factors contribute to the ambiguity of results: (1) Triaxial or uniaxial fabrics made up of planar elements give scattered orientations of (001) planes in planar sections. The bimodal distributions seem to be more common and related to triaxial magnetic fabrics.
(2) Observation of sections approaching the basal section of biotite crystals (recognizable from hexagonal shapes of grains) may affect the results if this feature is not identified. This factor introduces a bias for determining the orientation of crystals from image analysis alone.
Ambiguities in interpretation increase with the biotite content of the samples, probably because of lower degree of freedom of crystals to rotate during magma crystallization. This is especially evident in sample CA5 (with good results in XTG, because of the high number of spot measurements), although in this case other factors may influence the magnetic fabric, as stated in previous sections. In sample TE11, in sections (a) and (b) the maxima of orientation of biotite grains are very well defined for the three methods used. However, in section (c) two maxima occur that do not match within a girdle with the maxima obtained in sections (a) and (b), neither do they fit with the axes of the magnetic anisotropy ellipsoid. The orientation of section (c) contains the intermediate axis of the magnetic ellipsoid and is oblique to the other two axes. Nevertheless, it remains difficult to check the orientation of the magnetic lineation by means of image analysis methods based on the study of perpendicular sections, because the real cases studied do not seem to fit with the theoretical models proposed in Fig. 2 . In general, maxima of crystal orientation approach the maxima of k 1 -axes when the section contains or approaches this magnetic axis, but the orientation of the lineation is difficult to define from the image analysis alone.
Analysing AMS first and performing image analyses later on the principal sections of the magnetic ellipsoid (cutting the thin sections along planes defined by the susceptibility axes), it is a method that can contribute to diminish the ambiguity of image analysis results and identify the signature of the fabric in weakly oriented samples. This procedure gives an intrinsic value to AMS studies. If mineral fabrics obtained by image analyses in the sections, considering the definition of models and the curve adjustment to one or two maxima pattern, should improve the results obtained from three random-chosen perpendicular sections, then such double check of the two techniques can be considered as positive.
XTG results indicate an orientation of basal planes of biotite perpendicular to the main axis of the magnetic ellipsoid, especially in mafic samples (CA11 and IN1). However, in the more mafic sample (CA5) and the more felsic one (BE7) there is a correlation between the orientation of biotite crystals and the magnetic ellipsoid orientation (Fig. 12) . This is consistent with the oblate magnetic fabric and the relatively consistent results for SPO obtained by the image analysis methods (except perhaps for noise induced by presence of dark minerals other than biotite).
Quartz c-axis fabrics in the examples analysed do not give reliable images of the overall mineral fabric of the rock. Although the shape of quartz grains must reproduce in some way biotite or feldspar fabrics because it is the one of the latest mineral to crystallize, it is probable that c-axes are randomly oriented or follow a pattern whose relationship with the other mineral fabrics is not straightforward. Feldspar fabrics were demonstrated to be related in some way to the magnetic fabric, probably through mica. Feldspars follow the same orientation as micas, especially in granitoids (Román-Berdiel et al. 2004) . However, in S-C structures, the long axes of coarse-grained feldspars (included in granite veins occurring along the foliation in a garnet biotite schist) were sheared to align oblique to the foliation (Zhou et al. 2002) . Quartz crystals, with a shape complementary to that of the other mineral phases, could be used by means of image analyses but not through their crystallographic orientations, because crystallographic relationship with magmatic flow could be absent.
Observation of thin sections indicates (Fig. 13 ) that in the studied cases foliation is defined by an enrichment of biotite crystals concentrated in bands rather than by the orientation of crystals themselves (which corresponds with the theoretical example G of Fig. 11 , where the resultant anisotropy is caused by the grains arrangement in bands). However, both processes can combine in different proportions. Alternating clear and dark bands can be detected in thin sections, especially when the contrast between dark and lighter minerals is enhanced (Fig. 7) , thus reflecting processes of mineral separation along bands during magma cooling. The resultant ellipse determined only from statistical distribution of orientation of individual grains (intercept method) is then much lower than the actual anisotropy of the rock, and this can probably explain the low values of eccentricity in the resultant ellipse obtained by means of the application of the intercept method. In fact, the theoretical models with consistent shape orientations agree well with the intercept method, however for weak anisotropies (example A), or with isotropic crystals (example C), the image analyses method is not reliable (Figs 11a and c) . Thus, the theoretical models are validated Figure 13 . Definition of the magnetic fabric from paramagnetic particles, from the presentation of three sections (XZ, YZ and XY sections that are perpendicular to the three principal magnetic axes, k 2 , k 1 and k 3 ). The three perpendicular sections of the block sample do not contain the magnetic axes in a general case.
by the intercept method in the cases where the orientation of the resultant ellipse is mainly controlled by the orientation of individual grains with little influence of the distribution anisotropy (Fig. 10) .
In the light of the results obtained, to model the magnetic properties of the rock is beyond the scope of this study, because the resulting magnetic ellipsoid depends not only on the orientation and size of the magnetic ellipsoids of the individual particles but also on their spatial location within the rock frame. Meanwhile, qualitative approaches and axes orientations inferred from the study of magnetic fabrics have been developed.
C O N C L U S I O N S
The study presented within the Marimanha granitoid body, allows for some general inferences in relation to the study of fabrics and methods for orientation analysis in granitoids with weak preferred orientations of the mineral phases.
AMS is the most effective technique for measuring quickly the composite fabric. Image analyses are an easy and inexpensive way of determining the orientation of paramagnetic minerals, with the advantage of assessing visually the sources of magnetic anisotropy (individual grain orientation, alignment of particles, etc.), and its relationships with different grain size crystals within the rock. Furthermore, several types of analysis, as proposed in this paper, can be used, considering either grain shapes or crystallographic elements [intersection of (001) planes with the observation section, XTG, EBSD]. The main drawback of these kind of methods is the difficulty in assessing the magmatic lineation because (i) actual orientations deviate from theoretical models, probably because of the existence of composite fabrics resulting from the combination of several types of fabric within a rock volume, (ii) when dealing with sections approaching the XY section, the degree of anisotropy is so low that it precludes determining unambiguously the exact position of the X -axis (k 1 ). In addition, image analyses are very time consuming.
The orientation of the AMS ellipsoid does not always correlate directly with the orientation of the actual carriers of the magnetic fabric (SPO, CPO of micas in this case). The magnetic ellipsoid quickly measures the composite fabric of the particles (mostly influenced by the spatial distribution and shape of the particles), regardless of their individual orientations, as seen in the 2-D model. We propose the measurement of AMS first and the later performing of image analysis on the principal sections of the magnetic ellipsoid (cutting the thin sections along planes defined by the susceptibility axes), to improve the results of the image analyses (as seen in this work).
The 2-D mathematical modelling using tensorial analysis helps to determine the mechanisms of addition of the individual crystals to the bulk susceptibility, in which the position (distribution anisotropy) and shape of grains are probably first-order controls of magnetic parameters. Then orientation of individual particles is a second-order control in this qualitative hierarchy. However, these models can only be used from a qualitative point of view because of the complex relationships between mineral shape and arrangement and intrinsic magnetic tensor. The influence of individual grains and alignment anisotropy mainly depend on the particles density and distance between them, in addition to their shape anisotropy.
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